



Faculty of Science and Technology 
Department of Physics and Technology 
Bringing optical nanoscopy to life 
Super-resolution microscopy of living cells 
Ida S. Opstad 
A dissertation for the degree of Philosophiae Doctor in Science  
November 2020 

To the fantastic international community of Tromsø.
You make our town warm and thriving.
“Shall I refuse my dinner because I do not
fully understand the process of digestion?”
–Oliver Heaviside
Abstract
Introduction: We want to see, learn and understand the fantastic machinery
of living cells that every second performs tasks so perplexing that even after
decades (or centuries) of scientific investigation, satisfying or definite answers
might still be missing. In other words, detailed pictures of chemically-preserved
specimens are insufficient and getting old.
The wonders are all around us: photosynthesis allows plants to grow and
develop seemingly effortlessly; or ourselves, requiring coordinated tasks be-
tween billions of different cells to constitute a functioning body. Sometimes
we become less well-functioning and might need the hospital. We might auto-
matically heal ourselves, or our cells might eventually stop their coordinated
efforts and disassemble to something different from living.
Biomedical research is about understanding us and the billions of living cells
we are composed of, together with the stuff between cells and the stuff they
interact with or seemingly ignore. Cellular morphology and functions under
both healthy and diseased conditions are central topics in both pathology and
biological research. Microscopy is possibly the best tool we have to peer into
the microscopic world to enhance our understanding of the usually invisible,
but highly complex and vital events taking place.
For example, just a century ago, how new humans were made was a big mystery.
Today we know that they do not come as pre-made miniatures from the male,
but are developed from the lucky encounter between two special cell types, one
from the male and one from the female. We can even start human development
in a dish,with both the parents obeying social distancing and even keeping their
virginity for that matter. The technique is known as IVF, or in vitro fertilization,
and would have been impossible without a microscope.
Microscopy is brilliant, but also has its physical constraints and technical limi-
tations. Technical advances have in the last decade pushed optical microscopy
past physical limits previously thought unbreakable by the introduction of
super-resolution optical microscopy techniques, also referred to as optical
nanoscopy.
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This thesis is about bringing the recent advances in super-resolution optical
microscopy to applications in living cells. It is a part of the UiT Tematiske
Satsinger program, aiming to strengthen interdisciplinary research and col-
laboration between traditionally separate fields of science. It has allowed me
many visits from the Physics department to, for example, the Medical and Phar-
macy departments, and made exciting samples readily available for the quickly
expanding line of new and high-end microscopes available at Physics.
Three imagingmodalities with goodprospects for the future of live-cell nanoscopy
are covered: structured illuminationmicroscopy (sim),fluorescence fluctuation-
based super-resolution microscopy (ff-srm) and photonic chip-based total
internal reflection fluorescence microscopy (c-tirfm). In addition to their po-
tential for gentle illumination and imaging under live-cell friendly conditions,
these techniques were chosen over other imaging modalities (like STED or
Airyscan) due to the system availability.
Results: sim was found suitable for up to four-color volumetric and wide-
field super-resolution imaging of living cells, but yet following fast, multicolor
subcellular dynamics remains extremely challenging mainly due to technical
constraints from the necessary light dose and acquisition time.
ff-srm was found, for most current applications in bio-imaging, underdevel-
oped. While there seems to be a huge yet unharnessed potential for ff-srm
in future live-cell imaging applications, the tested techniques were found too
simplistic and unrealistic in their basic sample assumptions. We developed
an ff-srm reconstruction software with improved computational speed and
ease of use. Although large challenges were encountered, the ff-srm method
musical was employed with success in combination with machine learning
for the analysis of nanoscale motion patterns of subcellular vesicles.
The reduction of background signal achieved by using tirfm is widely ex-
ploited in super-resolution microscopy. The recently developed c-tirfm, al-
lowing for extreme fovs compared to traditional implementations of tirfm,
was adapted for live-cell imaging applications. Multimodal imaging of living
hippocampal neurons in a custom-made incubation chamber was shown on
photonic waveguides. Furthermore, the exploitation of multimodal waveguide
illumination patterns for super-resolution imaging via musical image recon-
struction was demonstrated.
Overall, although many challenges have been encountered, and there are many
factors that can still be improved, the fields of both conventional and super-
resolution microscopy have already lots of opportunities to offer for researchers
looking at small stuff, for both cases of static and dynamic samples.
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Outline: The first chapter provides background knowledge to better appreciate
the article summaries and results are presented in Chapter 2. In Chapter 3,
the work is summed up, and in Chapter 4, future work and recent technical
advances in the field of live-cell super-resolution microscopy are discussed. The
complete published articles are contained in Appendices A-G.
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Glossary
Diffraction is the bending of light waves as they interact with an object.
Diffraction limit is the theoretical best resolution offered by a conventional
optical microscope.
Endocytosis is a cellular process in which substances are actively brought into
the cell.
Fluorescence is the emission of light by a substance that has absorbed light
or other electromagnetic radiation.
Fluorophore is a fluorescent chemical compound.
Optical nanoscopy is optical microscopy that achieves a resolution on the
order of 100 nm or below.
Optical sectioning is slicing in the z-direction (along the optical axis) and
exclusion of signal outside of that section, important for volumetric imag-
ing/information.
Photobleaching is the photochemical alteration of a fluorophore such that it
is permanently unable to fluoresce. This is caused by cleavage of cova-
lent bonds or other reactions between the fluorophore and surrounding
molecules.
Radical is an atom, molecule, or ion that has an unpaired valence electron
that make them highly chemically reactive.
Reactive oxygen species are highly reactive oxygen-containing molecules
such as superoxide ($−2 ), hydrogen peroxide (2$2), and hydroxyl radi-
cal ($−), commonly associated with cell damage.
Resolution of a microscope the smallest distance between two objects that
still allows them to be discriminated as separate objects.
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c-tirfm photonic chip-based total internal reflection fluorescence mi-
croscopy
dl Deep learning
dstorm direct stochastic optical reconstruction microscopy
em Electron microscopy
esi entropy-based super-resolution imaging
ff-srm fluorescence fluctuation-based super-resolution microscopy
fov field-of-view
frc Fourier ring correlation
fwhm full width half maximum
gui graphical user interface
hawk Haar wavelet kernel
ml Machine learning
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psf point spread function
ri refractive index
roi region of interest
ros reactive oxygen species
sacd super-resolution imaging with autocorrelation two-step deconvolu-
tion
sim structured illumination microscopy
smlm single molecule localization microscopy
snr signal-to-noise ratio
sofi super-resolution optical fluorescence imaging
sparcom sparsity based super-resolution correlation microscopy
srm super-resolution microscopy
srrf super-resolution radial fluctuations
sted stimulated emission depletion microscopy
tirf total internal reflection fluorescence
tirfm total internal reflection fluorescence microscopy
unloc unsupervised particle localization
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Introduction
1.1 Optical microscopy in biology
The optical microscope is a ubiquitous tool in many and vastly different fields
like microelectronics, microbiology and histopathology [1]. Optical microscopy
itself is also a large and quickly expanding field. This thesis is mainly concerned
with fluorescence microscopy and its applications in cell biology, the study of
the basic unit of living organisms. These basic units come in a great variety of
shapes and functions; for example, cells of the green algae Caulerpa taxifolia
can stretch over several meters in length [2], while some types of bacterial cells
are only around 0.20 µm in size: ten million times smaller [3].
The current work is mainly conducted on vertebrate cells in collaboration with
biomedical researchers who share an interest in high-resolution microscopy
and its development. When I started this doctoral work (and also the related
work for my Master’s thesis), super-resolution imaging techniques had been
demonstrated for many applications on fixed samples, but had not yet been
extensively tested nor adapted for applications in living cells (this new termi-
nology will be explained shortly). My research contributes to making the tools
developed within physics and related disciplines more available and applicable
in the life sciences.
The studied cells can be divided into two classes: primary cells that are harvested
directly from the organism under investigation (e.g. human spermatozoa, rat
cardiomyocytes, rat hippocampal neurons, Xenopus retinal ganglion cells or
1
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Figure 1.1: Sketch of an animal cell with its subcellular constituents: 1) Nucleolus,
2) Nucleus, 3) Ribosome (small dots), 4) Vesicle, 5) Rough endoplasmic
reticulum, 6) Golgi apparatus, 7) Cytoskeleton, 8) Smooth endoplasmic
reticulum, 9) Mitochondrion, 10) Vacuole, 11) Cytosol (cytoplasmic fluid),
12) Lysosome, 13) Centrosome, 14) Cell membrane. Figure from [5].
salmon keratocytes), and cultured cells that can be cultivated and replicated in
the lab. Cultured cells have the advantages of (often) being easily accessible,
as well as morphologically and functionally similar or even identical to each
other in the case of a monoclonal cell population. Fluorescent tags can be
genetically introduced and fused onto existing cellular proteins of interest,
bringing valuable specificity to the imaging results. It is not impossible to
genetically modify primary cells, but it is in general far more challenging
[4].
Although convenient, and fewer animal sacrifices are made, the biological
relevance must be critically assessed for each study, as the cells from a cell
culture have usually never been inside an animal, but are replicated in the
lab, derived from something that used to be part of an animal. These cells
can appear very different to the primary cells taken directly from an animal,
as these cells have experienced and responded to significant mechanical and
chemical stimulus from the surrounding tissue. This surrounding tissue is again
composed of a varied set of cell types, each individually responding to their
microenvironment. Amazingly, the huge collection of heterogeneous bodily
cells are often observed to respond to the outside environment as one whole.
This condition is often referred to as alive.
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Figure 1.2: (A) Brightfield (transmission) microscopy with arrows indicating nuclei;
(B) multi-color fluorescence (wide-field) microscopy, with the nucleus in
cyan, mitochondria in green (some are even sprawling through a slit
in the nucleus), and some tiny vesicles called endosomes in red; (C)
deconvolution fluorescence microscopy of mitochondria; (D) transmission
electron microscopy of mitochondria (TEM image by Louisa Howard [6]).
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1.1.1 Subcellular structures and fluorescent probes
Although mammalian cells are already microscopically small (typically 10-
100 µm [7]), they still possess a very complex inside, apparently jam-packed
with different components that are tricky to get a complete picture of as
they are small, dynamic, sensitive, and mostly transparent to light. Figure
1.1 shows a traditional cell sketch with various subcellular components like
mitochondria and vesicles. Many of them can, under some conditions, be
labeled for microscopy by using fluorescent markers (also referred to as probes,
labels, or dyes).
Microscopy images of biological cells can appear very different for different
imaging modalities or imaging conditions. For examples, Figure 1.2 A shows a
brightfield (label-free, transmission) microscopy image, which provides decent
contrast of the nucleus and several types of lipid vesicles, but most subcellular
components are not recognizable. To bring contrast and specificity to cell im-
ages, one can introduce fluorescent markers and apply fluorescence microscopy.
A multi-color wide-field fluorescence microscopy image with the nucleus in
cyan, mitochondria in green (some are even sprawling through a slit in the nu-
cleus), and some tiny vesicles called endosomes in red are displayed in Figure
1.2 B. Both mitochondria and endosomes are subjects of extensive research:
mitochondria mainly because of their central importance in cell metabolism,
and endosomes e.g. for their frequent interactions with mitochondria as an
iron carrier [8]. Endosomes are formed from the outer cell membrane as part
of endocytosis and have a heterogeneous size distribution, usually reported in
the interval of 30 nm - 1000 nm [9].
Image C shows a deconvolution microscopy image of mitochondria (more about
this in section 1.1.5) and D, an electron micrograph. Electron microscopy (em)
can achieve resolution far beyond what is possible with light microscopy (even
internal mitochondrial structures are well resolved), but has its own limitations.
em is not a technique that should be applied to living samples and also suffers
from expensive and time-consuming sample preparation that can alter the
delicate cellular structures one wishes to study [10][11].
1.1.2 Fluorescence microscopy
For any details to be perceived, our eyes require contrast. One of the most pop-
ular ways of adding contrast is with targeted fluorescent labels. Fluorescence
microscopy requires some particular pieces of instrumentation, most notably
excitation light sources, and emission filter(s). These, together with one or
several suitable fluorescent markers must be adequately chosen according to
their spectral properties.
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Figure 1.3: Fluorescence spectra. Normalized excitation (dotted line) and emission
(full line) spectra for the common cellular probe MitoTracker Green FM
using a 488 nm excitation wavelength (vertical blue line). The plots are
made using Thermo Fisher Scientific’s Fluorescence SpectraViewer [12].
The fluorescence excitation and emission spectra of a particular substance de-
scribe the likelihood of photon absorption for a range of excitation wavelengths,
and the relative intensity and wavelength of the emitted photons. Figure 1.3
illustrates these for the particular cellular probe MitoTracker Green FM, to-
gether with a possible excitation light source (488 nm laser). As 488 nm is
close to the excitation maximum of MitoTracker Green, the emission peak is
shown almost at the level of the excitation maximum. The distance between
the excitation and emission peaks is called the Stoke’s shift (about 20 nm in this
case). Although the amount of excitation and emission light appear similar in
the plot, the amount of emitted light is nowhere near the amount of excitation
light. The graphs are individually normalized to the excitation and emission
maxima.
Other important parameters for the choice of fluorophore are the brightness
(emitted light per amount of excitation light), the (photo)stability in the rel-
evant physiochemical environment, and potential other special properties re-
quired for the particular imaging experiment (e.g. blinking, two-photon exci-
tation, live-cell compatibility, etc.).
The Jablonski diagram
Fluorescence, the absorption and re-emission of light particles, is a com-
plex quantum phenomenon. The photon is usually re-emitted by the excited
molecule with slightly lower energy (i.e. with a longer wavelength) due to non-
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Figure 1.4: Jablonski diagram showingmolecular energy levels relevant to the fluores-
cence phenomenon: photon absorption (purple arrow) causes themolecule
(initially in the ground state (0) to enter an excited state ((1), followed by
vibrational relaxation (short, red arrows) and photon re-emission (green
arrow). Figure by Jacobkhed [13].
radiative energy transitions within the molecule. This is commonly described
via a Jablonski diagram (Figure 1.4), where (0 represents the ground state
(lowest energy level of the molecule) and (1 the first excited electron energy
level resulting from photon absorption. The closely spaced horizontal lines
within (0 and (1 represent non-radiative energy levels. Transitions between
these can be caused by several mechanisms, e.g. internal changes in electron
configuration or the dissipation of energy from the molecule to its surroundings
(called vibrational relaxation) [14][15].
Ifmore photons (or a higher energy one) hit the excitedmolecule, the electron(s)
could reach an even higher energy level or cause themolecule to become ionized
(completely lose the electron). Whatever new configuration was the fate of
the molecule, the previously fluorescent molecule is now likely photobleached
and not capable of producing fluorescence anymore. Both excited and ionized
molecules are highly reactive and, when residing in living cells, likely to have
unwanted damaging effects on the cellular microenvironment.
1.1.3 Imaging conditions and phototoxicity
Bioimaging experiments can be coarsely divided into live- and fixed-cell imaging.
For live-cell imaging, we usually try to keep the cells under as similar conditions
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as possible to their normal growth conditions, while for fixed-cell experiments
we try to preserve the living cellular structures into their death, usually via toxic
chemicals like paraformaldehyde, methanol, or glutaraldehyde. There are pros
and cons with any imaging mode, and often both live- and fixed-cell imaging
are conducted to reach any micrograph-based biological conclusions.
For instance, by imaging living cells, we can study dynamic processes without
potential fixation artifacts. One can, however, usually not benefit from the
convenience of immunolabeling approaches, which can provide specific infor-
mation about protein localization via tagged antibodies, as is often performed
on fixed cells. The reason immunolabeling is mainly a method performed on
fixed cells, is that living cells would normally not let these large molecules
through their membrane. It is sometimes possible to force molecules trough
the cell membrane by using e.g. an electric voltage to disrupt the normally
impenetrable membrane in a process called electroporation [16].
Rather than applying foreign molecules to the cells as labels, on can achieve
a similar (or better) label specificity by using genetically encoded fluorescent
proteins. These can be be image either live or fixed, but are especially a tool for
visualizing cells alive and dynamics without possible fixation artifacts.
For fixed-cell imaging, time is on our side, and we usually do not have to
worry too much about the cell sample conditions on the way to and on the
microscope. When living cells are residing on the microscope, some additional
considerations must be made, like the temperature and atmosphere surround-
ing the cells. For mammalian cells, normally 37°C together with (compared
to the microscopy lab) elevated levels of $2 and humidity. Additionally, one
must consider what effects the microscope illumination might have on the
cells.
Light-induced cell damage is often referred to as phototoxicity. The radiation
experienced under amicroscope, especially a high-resolution one, is far from the
cells’ natural environment. Illumination can cause cell death directly or trigger
more subtle cytotoxic effects that can influence the physiological relevance of
an experiment or lead to false conclusions, especially if these experimental
factors are ignored throughout the experiments and in the analysis.
Light-induced cell death rate depends on wavelength, illumination mode, fluo-
rophore and, cell type. The cells can "freeze" dead (not changing morphology),
or be induced to take a more gradual death path known as apoptosis or necro-
sis. The difference between these are portrayed in Figure 1.5. The toxicity can
arise from e.g. localized heating, the direct destruction of biomolecules or via
reactive species following the light excitation [18]. When e.g. a fluorophore is
in an excited state it can react with oxygen to form reactive oxygen species
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Figure 1.5: Outline of morphological changes undertaken by a dying cell. A cell
undergoing necrosis (left path) is disassembling in an uncontrolled man-
ner following some (to the cell) extreme trauma as intense light exposure
or bacterial toxins. This is different from apoptosis (right path), which
is a controlled disassembly of the cell, also occurring in healthy organ-
isms. Apoptosis is also known as programmed cell death. Figure by the
National institute on alcohol abuse and alcoholism (NIAAA) via Wikimedia
Commons [17].
